Bioresource Technology 140 (2013) 199-210 



Combustion of peanut and tamarind shells in a conical fluidized-bed 
combustor: A comparative study 




CrossMark 


Vladimir I. Kuprianov *, Porametr Arromdee 

School of Manufacturing Systems and Mechanical Engineering, Sirindhom International Institute of Technology, Thammasat University, Pathum Thani 12121, Thailand 


HIGHLIGHTS 


• Morphology and thermogravimetry of peanut and tamarind shells are investigated. 

• Combustion and emission performance of a conical FBC firing these shells is studied. 

• Fuel properties and excess air have important effects on the combustor performance. 

• High (-99%) combustion efficiency is achievable for firing peanut and tamarind shells. 

. Alumina sand can be used to prevent bed agglomeration when burning these biomasses. 
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Combustion of peanut and tamarind shells was studied in the conical fluidized-bed combustor using alu¬ 
mina sand as the bed material to prevent bed agglomeration. Morphological, thermogravimetric and 
kinetic characteristics were investigated to compare thermal and combustion reactivity between the bio¬ 
mass fuels. The thermogravimetric kinetics of the biomasses was fitted using the Coats-Redfern method. 
Experimental tests on the combustor were performed at 60 and 45 kg/h fuel feed rates, with excess air 
within 20-80%. Temperature and gas concentrations were measured along radial and axial directions 
in the reactor and at stack. The axial temperature and gas concentration profiles inside the combustor 
exhibited sensible effects of fuel properties and operating conditions on combustion and emission perfor¬ 
mance. High (-99%) combustion efficiency and acceptable levels of CO, C x H y , and NO emissions are 
achievable when firing peanut shells at excess air of about 40%, whereas 60% is more preferable for burn¬ 
ing tamarind shells. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

Peanuts and tamarind are popular food products in Thailand 
and other Asian countries. Peanut shells and tamarind shells are 
major residues from processing peanuts and tamarind fruits col¬ 
lected in these countries on a large scale. 

Annually, about 25 million tons of peanuts (or about 70% of the 
world crop) are produced in Asia, the main suppliers being China 
and India (USDA, 2013). Taldng into account the availability (as 
about 25 wt.% of total peanut mass) and calorific value (assessed 
as 16 MJ/kg according to Hanping et al„ 2008), the energy potential 
of peanut shells in Asian countries is estimated to be about 100 PJ 
per year. Compared to peanuts, the production of tamarind fruits 
on the Asian continent is much lower, some 400 thousand tons 
per year, mainly grown in India and Thailand (El-Siddig et al„ 
2006). Assuming the availability (assessed as 15 wt.% of total fruit 
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mass) and calorific value (about 16 MJ/kg) of tamarind shells, the 
energy potential of this biomass residue in Asia can be roughly 
estimated to be 1 PJ per year. As with many other shell-type bio¬ 
masses exhibiting excellent combustion properties (high reactivity 
and substantial calorific value), both peanut and tamarind shells 
can be considered as potential fuels for small-scale heat and power 
plants (Demirba§, 2004). 

Grate-firing and fluidized-bed combustion systems (combus¬ 
tors and boiler furnaces) are reported to be the main competing 
options for energy conversion from biomass. Despite some advan¬ 
tages of the grate-firing systems, such as (i) ability of handling 
high-moisture biomasses with large particles sizes, (ii) load flexi¬ 
bility, (iii) easy maintenance and (iv) low operational costs, the flu¬ 
idized-bed combustion systems seem to be the most effective 
option for biomass utilization by offering multiple important ben¬ 
efits, such as wide fuel flexibility, high combustion efficiency and 
low emissions (Werther et al„ 2000; Van Caneghem et al„ 2012). 

A large number of studies have been devoted to bubbling, vor- 
texing, and circulating fluidized-bed combustion systems for firing 
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conventional biomass fuels, such as rice husk, sugar cane bagasse, 
and woody residues, widely used for heat and power generation 
(Werther et al., 2000; Permchart and Kouprianov, 2004; Duan 
et al., 2013; Fang et al., 2004). These studies were mainly focused 
on combustion and emission performance of the proposed com¬ 
bustion techniques. Some authors pointed out the difficulty in 
achieving high combustion efficiency when firing high-ash bio¬ 
mass fuels (Permchart and Kouprianov, 2004), while others high¬ 
lighted the ash-related operational problems, such as bed 
sintering and agglomeration (leading eventually to system shut¬ 
down), generally caused by alkali-based mineral compounds in 
biomass ash, particularly when using silica sand as the bed mate¬ 
rial (Lin et al., 2003; Brus et al., 2005; Chirone et al., 2006; Chaiva- 
tamaset et al., 2011 ). 

During the past decade, growing attention has been paid to a 
feasibility of effective utilization of various unconventional bio¬ 
mass fuels, such as nut/fruit shells, olive cake, cotton/palm stalk, 
and corncobs. Most studies on burning unconventional biomasses 
have reported high combustion efficiency and acceptable levels 
of CO, C x H y , and NO emissions, basically affected by fuel properties, 
combustion method and operating conditions (Sun et al., 2008; 
Han et al., 2008; Chyang et al., 2012). However, due to the specific 
features of texture, shape, and size of biomass particles, the com¬ 
bustion of some unconventional biomass fuels (e.g., olive cake, 
apricot and peach stones) is accompanied by high CO and C x H y 
emissions as well as by elevated unburned carbon content in fly 
ash, which result in deterioration of combustion efficiency (Kaynak 
et al., 2005; Varol and Atimtay, 2007). When the combustion effi¬ 
ciency of a biomass-fuelled system is below 99%, the emission of 
highly hazardous polycyclic aromatic hydrocarbons may be re¬ 
corded at a substantial level, as reported in the study on combus¬ 
tion of coconut shells (Gulyurtlu et al., 2003). 

With a typically elevated content of potassium in fuel ash, 
unconventional biomass fuels are expected to exhibit a high pro¬ 
pensity for bed agglomeration. To prevent this undesirable phe¬ 
nomenon, alternative bed materials (e.g., alumina, aluminum-rich 
materials, dolomite, limestone) can be used to ensure reliable 
operation of fluidized-bed combustion techniques during the com¬ 
bustion of such biomass fuels (Werther et al„ 2000; Sun et al., 
2008; Han et al., 2008). 

It appears that the combustion and emission performance of a 
combustion system firing biomass depends on the fuel morphology 
and chemical structure, basically affecting thermal and combustion 
reactivity of the biomass. Scanning electron microscopy (SEM) is 
reported to be an effective technique widely used to investigate 
the morphology and surface texture of various biomasses via 
observing the interior of biomass cells and canals as well as their 
walls. Some studies provided SEM images revealing the micro¬ 
structure of untreated biomasses and their chemical components, 
and also morphological changes during biomass pyrolysis and 
combustion (Gani and Naruse, 2007; Haykiri-Acma et al., 2010; 
Fernandez et al., 2012). 

Generally, agricultural residues consist of cellulose, hemicellu- 
lose and lignin, and also include some other minor extractives 
(Demirba§, 2004). Low volatilization temperatures of these compo¬ 
nents (190-320 °C for hemicellulose, 280-400 °C for cellulose, and 
320-450 °C for lignin) makes agricultural residues to be highly 
reactive (Fernandez et al., 2012). However, some studies revealed 
an occurrence of lignin decomposition within a substantially wider 
temperature range (Haykiri-Acma et al., 2010). Volatile matter of 
biomass is mainly originated from hemicellulose and cellulose, 
whereas lignin (a complex biopolymer) is a major contributor to 
formation of fuel char (Haykiri-Acma et al„ 2010), the oxidation 
rate of which is rather low (Fernandez et al., 2012). 

Much research has been recently addressed the thermogravi- 
metric (TG) and derivative thermogravimetric (DTG) analyses of 


various biomasses using the TG/DTG technique (Wang et al„ 
2009; Varol et al., 2010; Yang et al., 2012; Park et al., 2012). With 
these analyses, the devolatilization behavior and some important 
combustion characteristics of biomass, such as ignition, peak and 
burnout temperatures, can be studies and compared between dif¬ 
ferent biomasses. The peak temperature of the DTG curve, corre¬ 
sponding to the highest decomposition rate of biomass, is a 
measure of fuel reactivity (Varol et al., 2010), whereas the burnout 
temperature can be used as a key parameter for optimal design of a 
combustion system. 

This comprehensive study was aimed at investigating the com¬ 
bustion of peanut shells (PNS) and tamarind shells (TMS) in a con¬ 
ical fluidized-bed combustor (referred to as ‘conical FBC’) using a 
relatively small amount of the bed material, which is important 
when using high-cost alternative bed materials (Kaewklum and 
Kuprianov, 2008). Alumina sand was employed in this combustor 
as the bed material in order to prevent bed agglomeration. To facil¬ 
itate interpretation of empirical findings from the combustion 
study, morphological, thermogravimetric, and ldnetic characteris¬ 
tics of PNS and TMS were investigated prior to combustion tests. 
Effects of fuel properties and operating conditions on formation 
and decomposition of major gaseous pollutants (CO, C x H y and 
NO) in different regions of the reactor, as well as on emissions 
and combustion efficiency of the conical FBC, were compared be¬ 
tween the two biomasses. 


2. Experimental 

2.1. Experimental set up 

Fig. 1 shows the schematic diagram of an experimental set up 
with the conical FBC as well as the design details of the air distrib¬ 
utor used in the combustion study. The combustor consisted of a 
conical module with 40° cone angle and 0.25 m inner diameter at 
the bottom plane, and five cylindrical modules of 0.5 m height 
and 0.9 m inner diameter. In each module, the refractory-cement 
insulation was 50-mm thick lined inside a 4.5-mm-thick metal 
wall. Gas sampling ports and stationary Chromel-Alumel thermo¬ 
couples (of type K) were fixed at different levels in the reactor (see 
Fig. la). Using these stationary thermocouples, temperature was 
monitored along the reactor centerline during start up and com¬ 
bustion tests. 

A 25-hp blower supplied air to the combustor through a pipe of 
0.1 m inner diameter. A bubble-cap air distributor with thirteen 
bubble caps (stand pipes) was used to sustain the bed fluidization 
in the reactor (see Fig. lb). The bubble caps were arranged in stag¬ 
gered order on the air distributor plate. An individual stand pipe of 
32-mm outer diameter had 64 holes (each of 2 mm in diameter) 
distributed evenly over the pipe outer surface, and also four verti¬ 
cal slots (each of 10 mm x 2 mm sizes) located under the cap with 
47 mm diameter. Thus, airflow from each individual stand pipe 
penetrated into the space between the pipes through the holes 
and slots in a radial direction, which facilitated a quasi-uniform 
distribution of total airflow over the plate and prevented occur¬ 
rence of spouting fluidization regime of the gas-solid bed. Net 
cross-sectional area of airflow at the distributor exit (calculated 
as the difference between area of the 250-mm-diameter plate 
and total area occupied by the caps) was 0.027 m 2 . 

A screw-type fuel feeder delivered biomass into the conical 
module at level Z = 0.6 m above the air distributor. A three-phase 
inverter was employed to control the fuel feed rate via varying 
rotational speed of the feeder. 

An ash-collecting cyclone installed downstream from the com¬ 
bustor collected particulates (fly ash) originated from the biomass 
combustion. 
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Fig. 1 . (a) The experimental set-up with the conical FBC and (b) design details of the bubble-cap air distributor. 


2.2. The fuels and the bed material 

To achieve higher combustion efficiency and stable fuel feeding, 
both PNS and TMS were burned as shredded fuels. The shape and 
size of the shredded biomasses were quite irregular: from dust-like 
fine particles to flake-shape coarse particles. After shredding, the 
sieve size of both fuels ranged from 0.1 to 9.5 mm, as found using 
the ASTM standard method Cl 36-06. 

Table 1 summarizes major chemical and physical properties of 
the biomasses, all being represented by the averages over three re¬ 
peated analyses/tests. The proximate analysis was performed fol¬ 
lowing ASTM standards D3172-D3175, whereas the ultimate 
analysis was conducted based on ASTM standards D5373 (for C 
and H), D3176 (for O), D3177 (for S), and D3179 (for N). It can be 
seen in Table 1 that both PNS and TMS had a significant content 
of volatile matter, a moderate proportion of fixed carbon, but 
rather low contents of fuel moisture and ash. The real (solid) den¬ 
sity of each biomass was estimated as the mass-to-volume ratio of 


Properties of biomass fuels used in the combustion studies 

Property Peanut shells Tamarind shells 

Proximate analysis (on as-received basis, wt%) 

Moisture 9.3 8.6 

Volatile matter 65.4 66.8 

Fixed carbon 19.6 21.7 

Ash 5.7 2.9 

Ultimate analysis (on dry and ash-free basis, wtX) 

C 56.59 53.90 

H 6.45 5.92 

N 1.53 0.63 

O 35.34 39.53 

S 0.09 0.02 

Structural analysis (on dry and ash-free basis, wt%) 

Hemi-cellulose 9.7 9.1 

Cellulose 46.5 36.9 

Lignin 41.3 29.1 

Density (kg/m 3 ) 580 420 

Lower heating value (kj/kg) 16,400 16,300 


a fuel sample. The lower heating value of the fuels was about 
16MJ/kg, as determined following the ASTM standard method 
D5865. Note that the calorific value of these two unconventional 
biomass fuels is somewhat higher than that of some viable biomass 
fuels available in Thailand, such as rice husk and wood sawdust 
(Permchart and Kouprianov, 2004). From Table 1, PNS contained 
substantially higher fuel N and had a much greater solid density 
than TMS. Due to rather low fuel S, S0 2 was not addressed in this 
study. 

Table 2 shows the composition of PNS and TMS ashes (as repre¬ 
sentative oxides, wt.%, averaged over two repeated analyses) deter¬ 
mined by X-ray fluorescence (XRF). Along with the compounds in 
Table 2, the ash analyses included minor/negligible proportions 
of MnO, SrO, Zr0 2 , CuO, BaO, Rb 2 0, Na 2 0 and some other oxides. 
Silicon, aluminum, potassium and iron were major elements in 
the PNS ash, whereas calcium and potassium were predominant 
in the fuel ash of TMS. Elevated (in PNS ash) and significant (in 
TMS ash) content of K 2 0 indicated a high tendency to bed agglom¬ 
eration that would occur during the fluidized-bed combustion of 
these biomasses if a conventional bed material (silica sand) were 
used to sustain the bed fludiziation (Werther et al., 2000). 

To prevent bed agglomeration, alumina sand with a solid den¬ 
sity of about 3400 kg/m 3 and particle sizes of 0.3-0.5 mm was used 
as the bed material. Table 3 shows the chemical composition of the 
bed material (as oxides, wt.%, averaged over two repeated analy¬ 
ses) prior to combustion tests. As with the fuel ashes, the X-ray 
fluorescence (XRF) technique was used to quantify the composition 
of alumina sand. 

2.3. Methods for the morphological, thermogravimetric and kinetic 
studies 

To extend awareness of fuel properties, the morphological, ther¬ 
mogravimetric, and kinetic characteristics of PNS and TMS were 
investigated prior to combustion tests. 

A JEOL JSM-6400 scanning electron microscope configured with 
an energy dispersive system (SEM-EDS) was used to examine the 
internal surface (i.e., surface texture) of biomass particles, likely 




















































202 


V.l Kuprianov, P. Arromdee/Bioresource Technology 140 (2013) 199-210 


Composition of fuel ash (wt.%) in peanut and tamarind shells. 


Biomass Si0 2 A1 2 0 3 Fe 2 0 3 CaO MgO S0 3 K 2 0 Ti0 2 P 2 0 5 

Peanut shells 39.04 21.92 11.60 6.20 3.26 2.05 11.24 1.60 2.17 

Tamarind shells 0.47 1.19 0.25 65.16 5.01 0.85 22.79 0.01 3.45 


Table 3 

Chemical composition of alumina (wt.%) used as the bed material in the combustor. 


Si0 2 A1 2 0 3 Fe 2 0 3 Ti0 2 CaO MgO K 2 0 

3.46 92.42 0.66 2.74 0.72 0.18 0.11 


affecting biomass reactivity during the stages of fuel devolatiliza¬ 
tion and volatile oxidation. 

A Mettler-Toledo TGA/SDTA 851 e thermogravimetric analyzer 
was employed to obtain the thermogravimetric characteristics 
(TG and DTG curves). Dry air supplied into the analyzer furnace 
at a flow rate of 60 ml/min was used as the medium surrounding 
the biomass sample in the furnace. During the thermogravimetric 
test with an individual biomass, a 7-10 mg sample was heated 
from room temperature to 900 °C (or 1173 K). To compare the 
thermogravimetry of the shells with some reference data, the anal¬ 
yses were performed at a constant heating rate, f = 20 K/min, and 
were repeated at least three times for each biomass. Some impor¬ 
tant combustion characteristics, such as the ignition temperature, 
the peak temperatures and the burnout temperature (all being 
used in characterization of fuel reactivity), were obtained from 
analyses of the TG and DTG curves. Afterwards, the combustion 
characteristics were averaged over the repeated TGA tests and 
compared between the two biomass fuels. 

The decomposition kinetics of the shells was studied using the 
Coats-Redfern method successfully approbated by Sun et al. 
(2010) for determining major kinetic characteristics of biomass 
decomposition during the thermogravimetric (combustion) tests. 
Ignoring the process of biomass dewatering, the biomass decom¬ 
position rate (a) can be defined as follows: 

Woj-Wr 

Wo-Wf 

where w 0 , w f , and w T are the initial, final and current (at time ) 
weights of the biomass sample. 

In general, the kinetic equation can be represented in the form 
of an “n-th” order model describing the biomass decomposition 
with respect to time as: 

§./lexp(-l)(l-«)- (2) 

where A is the pre-exponential factor, E is the activation energy, R is 
the universal gas constant, and T is time-related (current) 
temperature. 

For biomass decomposition at a constant heating rate 
(j? = const), Eq. (2) can be represented as: 


da 

IPaf 


A=« ex P 


RT y 


\dT 


(3) 


Taking into account the main assumption of the Coats-Redfern 
method (2RT/E « 1), and also assuming that the value of E is un¬ 
changed over a selected temperature range, Eq. (3) after its integra¬ 
tion yields: 

• for n = 1: 

— In [— ln ^ ~ a >1 = — In [—1 -i- — 


• for n # 1: 


-In 


[ 1-0-a) 1- 

[ P 2 0 -n) 



E 

+ m 


(5) 


The left-hand side of Eq. (4) and Eq. (5) can be designated as y. 
With properly selected n, experimental data from a thermogravi¬ 
metric test can be fitted by a first-order curve: 


(6) 


where x = 1/T, and a designates the first term on the right-hand side 
of Eq. (4) and Eq. (5). 

For variable x (or T), the curve y =/(x) for the selected n can be 
then plotted on a semi-logarithmic graph with the aim to quantify 
the kinetic constants in Eq. (2): E (by using the fit slope b) and A 
(from the expression for a). 


2.4. Experimental methods for the combustion study 

In all combustion experiments, (static) bed height of alumina 
sand was 30 cm. Prior to tests, alumina bed was pre-heated using 
a diesel-fired start up burner (Riello Burners Co., Press G24). The 
burner was fixed at a 0.5 m level above the air distributor and in¬ 
clined at a -30° angle to the horizontal, as shown in Fig. la. When 
the (alumina) bed temperature reached about 700 °C, the burner 
diesel pump was turned off. However, during the tests, the burner 
fan continued to operate (at minimal airflow rate) in order to pro¬ 
tect the burner’s nozzle head against overheating. Furthermore, a 
rectangular steel plate with dimensions of 20 cm x 30 cm x 0.5 cm 
was used for screening the burner from the combustor space, with 
the aim to avoid impacts of the flame onto the burner and also to 
exclude penetration of burner air into the reactor during 
experiments. 

The fuel feed rate (FR) and percentage of excess air (EA) were 
selected as the major operating variables in the combustion study. 
For each fuel option, combustion tests were performed for two fuel 
feed rates: 60 kg/h (at rated combustor load) and 45 kg/h (at re¬ 
duced load). For the rated load, heat input to the combustor was 
273 kW th for both biomass fuels, whereas it was 205 kW th during 
operation at the reduced load. 

During the tests with an individual biomass, temperature and 
concentrations of 0 2 , CO, C x H y (as CH 4 ), and NO were measured 
along radial and axial directions in the reactor as well as at the cy¬ 
clone exit (or at stack) using a “Testo-350XL” gas analyzer (Testo, 
Germany). At a given point, each parameter was measured at least 
eleven times to quantify its averaged value over a time interval. 
The measurement accuracies of temperature and gas concentra¬ 
tions were: ±0.5% for temperature, ±5% for CO within the range 
of 100-2000 ppm, ±10% for CO higher than 2000 ppm, ±10% for 
C x H y up to 40,000 ppm (when calibrated to CH 4 ), ±5% for NO, and 
±0.2% (vol.%) for 0 2 . 

To minimize the volume of experimental work, the radial and 
axial profiles of temperature and gas concentrations for each fuel 
option used in the analysis of formation and decomposition of ma¬ 
jor gaseous pollutants were compared only between two EA val¬ 
ues: 40% and 80%. However, to compare CO, C x H y and NO 
emissions and combustion efficiency of the conical FBC between 
the biomasses, gas concentrations at the cyclone exit (i.e., at stack) 
were recorded at both fuel feed rates (60 and 45 kg/h), when 
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ranging EA from 20% to 80% for each combustor load. For the par¬ 
ticular test run (operating conditions), the amount of EA was deter¬ 
mined according to Basu et al. (2000) using 0 2 , CO, and C x H y (as 
CH 4 ) at stack. Unburned carbon content in the fly ash (required 
for the assessment of associated heat loss) was also obtained for 
each test run using the ASTM standard method D6316. 

2.5. Heat losses and combustion efficiency 

In this work, combustion efficiency of the conical FBC was 
determined using the heat-loss method (Basu et al., 2000). For this 
combustor with no bottom ash, the heat loss due to unburned car¬ 
bon, q uc (%), was predicted for each test run using the unburned 
carbon content in the fly ash (Cf a , wt.%), the fuel ash content (A, 
wt.%), and the fuel lower heating value (LHV, kj/kg) as: 



The heat loss owing to incomplete combustion, q ic (%), was 
quantified based on the CO and C x H y (as CH 4 ) emissions from the 
combustor (in ppm, on a dry gas basis and at 6% 0 2 ) as: 

<?i C = (126.4 CO + 358.2CH 4 ) M * 02 1 frV dg@6% 02 (8) 

where V dg@6% 02 is the volume of flue gas (on a dry gas basis and at 
6% 0 2 ) calculated according to Chakritthakul and Kuprianov (2011) 
using the ultimate fuel analysis (see Table 1) and the theoretical 
(stoichiometric) volume of air, the latter being predicted according 
to Basu et al. (2000). 

The combustion efficiency of the fluidized-bed combustors, >] c 
(%), was then determined using the heat losses estimated by Eqs. 
(7) and (8) as: 

tj c = 100 - (q uc + q jc ) (9) 


3. Results and discussion 

3.1. Biomass morphology 

As revealed by observation of the SEM micrographs, both PNS 
and TMS biomass samples exhibited a cellular texture of the shells 
“constructed” from the tightly packed hollow cells of various sizes: 
from a few microns to about 30 pm. Furthermore, the SEM images 
of PNS indicated an existence of large-size pores (of up to 200 pm 
in diameter) in the shell structure and therefore a greater porosity 
of this biomass compared to TMS. 

Like other shell-type biomasses, the cell wall material of PNS 
and TMS generally consisted of cellulose, hemicellulose, and lignin, 
as reported in Table 1. Cellulose microfibrils (considered as the 
structural framework of an individual cell) were embedded in 


the matrix, generally consisting of hemicellulose and lignin, the 
latter being the major binding material of the cell wall (Haykiri- 
Acma et al., 2010). From Table 1, TMS included a substantial 
amount (about 25%) of extractives, likely represented by some 
high-molecular biopolymers (e.g., pectins and lipids), which, to¬ 
gether with lignin, ensured a hard structure of this biomass com¬ 
pared to the “elastic” particles of PNS. 

From the micrographs of the two shells at high (1500x) magni¬ 
fication, a typical cell of each biomass had a very small wall thick¬ 
ness: about 1 pm for PNS and 2-4 pm for TMS. In the meantime, 
the cell wall of PNS exhibited a large number of small holes (of 
up to 1 pm in diameter). During volatilization and further oxida¬ 
tion of the wall constituents, these holes may facilitate diffusion 
(flux) of chemical species in all directions across the shell. Thus, 
taking into account the highly developed internal surface, high fuel 
O and also the specifics of a lignocellulosic structure of PNS and 
TMS (see Table 1), it can be concluded that the thermal and com¬ 
bustion reactivity of the selected biomass fuels is significant. How¬ 
ever, thinner cell walls, greater proportion of cellulose in PNS (at 
nearly the same percentage of hemicellulose in both biomasses) 
and high structural porosity of PNS point at the potentially higher 
reactivity of this biomass compared to TMS. 

3.2. Thermogravimetric and kinetic analyses of the fuels 

Fig. 2 depicts the TG/DTG curves of the selected biomass fuels. It 
can be seen in Fig. 2 that the TG curves of both PNS and TMS show 
similar trends, apparently exhibiting four sequent stages (or tem¬ 
perature regions) basically associated with: (1) dewatering of the 
biomass samples, (2) volatilization of high-reactive chemical com¬ 
ponents of the shells (cellulose, hemicellulose and partly lignin) 
accompanied by volatile oxidation, (3) volatilization of the rest lig¬ 
nin and other high-molecular extractives accompanied by oxida¬ 
tion of volatile matter and char, and (4) low-rate oxidation of 
chars. Some important thermal and combustion characteristics of 
both fuels, such as the dewatering, ignition, peak and burnout tem¬ 
peratures, were obtained from the TG/DTG analysis as well. 

Within the first stage, when temperature gradually increased 
and attained the dewatering temperature (T w ), fuel moisture was 
completely vaporized from the biomass sample resulting in dehy¬ 
dration and corresponding weight loss of the sample. From Fig. 2, 
the dewatering temperature was quite similar for the two bio¬ 
masses (T w = 130-140 °C). However, the ignition temperature (T ign ) 
at the point of intersection of two lines related to the TG curve - a 
horizontal line exhibiting the amount of fuel moisture loss and a 
tangent line at the maximum rate of the mass loss - was appar¬ 
ently different: T ign = 290 °C for PNS and T ign = 250 °C for TMS. 

Within the second and third regions, the DTG curve of each bio¬ 
mass shows two important peaks corresponding to: (1) main peak 
temperature (T Pi ,) at the highest volatilization rate of biomass 




Fig. 2. TG 


DTG 


: of (a) PNS and (b) TMS samples. 
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constituents (mainly associated with decomposition of cellulose) 
and (2) second peak temperature (T p , 2 ) basically caused by decom¬ 
position of lignin. Two “shoulders” in the DTG curve of TMS within 
the range between T ign and T p i indicates the presence in the chem¬ 
ical structure of two highly reactive “light” compounds responsible 
for the above-mentioned lower value of T ign of TMS compared to 
PNS. However, the main peak for PNS (335 °C) was apparently low¬ 
er than that for TMS (350 °C), and this result can be explained by a 
substantially greater proportion of cellulose in PNS compared to 
TMS at similar content of hemicellulose in the two biomasses 
(see Table 1). On the contrary, the second peak temperature of 
PNS (530 °C) was somewhat higher than that of TMS (500 °C). 

In this work, the boundary temperature between the second 
and third stages was determined as the temperature of complete 
volatilization of cellulose (T c ), which corresponded to the mini¬ 
mum of the DTG curve located between T Pil and T p , 2 . From Fig. 2, 
T c = 400 °C for PNS and T c = 465 °C for TMS. As the proportion of lig¬ 
nin in TMS was lower than in PNS, the apparent difference in T c 
was likely caused by the presence in TMS of some other (unde¬ 
fined) high-molecular compounds with relatively high volatiliza¬ 
tion temperature. 

Another combustion characteristic, the burnout temperature 
(T b ) corresponding to the point of intersection of two lines related 
to the TG curve - a horizontal line indicating the amount of fuel 
ash (see Table 1 ) and a tangent line of the TG curve showing the 
rate of lignin volatilization - was substantially different for the 
two biomasses: T b = 600 °C for PNS and T b = 830 °C for TMS. It ap¬ 
pears that T b can be treated as the boundary temperature between 
the third and fourth stages of biomass degradation and oxidation. 
Note that one more (third) peak temperature was found from 
TG/DTG analysis of TMS, T p , 3 = 820 °C, likely associated with vola¬ 
tilization of a high-molecular compound, volatilization tempera¬ 
ture of which was slightly below T b . 

It can be generally concluded from the thermogravimetric study 
that with lower T p l and T b , PNS can be basically characterized as a 
biomass of higher thermal and combustion reactivity (in spite of 
the higher value of T ign ) compared to TMS. 

Due to air supply into the thermogravimetric system, all vola¬ 
tiles released during the second and third stages were oxidized 
and continuously removed from the system. The biomass char 
was also oxidized at a noticeable rate during the third stage, as 
the residual matter from the TG tests was fuel ash. However, with¬ 
in the last (fourth) stage, i.e., at temperatures greater T b , the char 
was likely oxidized without flame and therefore exhibited a very 
low decomposition rate. 

The specific temperatures of PNS and TMS are summarized in 
Table 4 and compared with reference data for some selected agri¬ 
cultural and wood residues. 

Table 5 shows the kinetic characteristics (£, A, and n) of PNS and 
TMS, which can be used for modeling the time-domain decompo¬ 
sition of the two biomasses by Eq. (2). For more accurate fitting of 


the experimental data, the kinetic characteristics were determined 
for distinct temperature regions, with corresponding peaks and 
“shoulders" in the DTG curve of each biomass (see Fig. 2). 

At relatively low temperatures (up to 330 °C), the value of E for 
TMS (71-84 kj/mol) was substantially lower than that for PNS 
(140 kj/mol), so TMS can be ignited much easily than PNS. This re¬ 
sult explains the above-mentioned difference in T ign between the 
two biomasses. However, at temperatures over 400 °C, PNS was 
characterized by the lower values of E, which compared to TMS re¬ 
sulted in a faster decomposition rate of biomass lignin and eventu¬ 
ally shorter overall time of PNS degradation. 

At temperatures below 440 °C, the reaction order n of the two 
biomasses exhibited rather high values (5-7), however comparable 
with those (5.0-5.3) of oil palm residues (Khan et al., 2011). At 
higher temperatures (mainly associated with biomass lignin 
decomposition and char oxidation), the reaction order of the two 
biomasses was characterized by conventional values. 


3.3. Radial distribution of temperature and gas concentrations in the 
conical FBC 

Fig. 3 shows the radial profiles of temperature and gas concen¬ 
trations (0 2 , CO, C*H y and NO) at two different levels (Z) above the 
air distributor in the conical FBC fired with PNS or TMS at similar 
operating conditions (60 kg/h fuel feed rate and 40% excess air). 
It can be seen in Fig. 3 that the radial temperature profiles of the 
two fuels were quite uniform at both levels, thus pointing at a high 
rate of heat-and-mass transfer in the radial direction, whereas the 
gas concentration profiles exhibited rather good uniformity, indi¬ 
cating high intensive gas-solid and gas-gas mixing across the reac¬ 
tor. Such an appearance of the radial profiles allowed using the 
axial profiles of temperature and gas concentrations for the analy¬ 
sis of combustion and emission performance of the conical FBC. 


3.4. Axial temperature and 0 2 concentration profiles 

Fig. 4 compares the axial temperature and 0 2 concentration 
profiles in the conical FBC between the biomass fuels and operating 
conditions. In all the trials, the axial temperature profiles were 
found to be quasi-uniform, exhibiting however (i) a slight positive 
axial gradient in the reactor conical section (Z < 0.9 m), likely 
caused by endothermic devolatilization of fuel in this region as 
well as by carryover of fine chars into the freeboard (to be ad¬ 
dressed below), and (ii) an insignificant negative gradient in the 
combustor freeboard, basically due the heat loss across combustor 
walls. In all the test runs, 0 2 diminished gradually along the reactor 
height; however, a predominant proportion of 0 2 was consumed in 
the conical module during the combustion of each biomass, thus 
pointing at significant fuel burnout in this region. 


Table 4 

Comparison of thermogravimetric characteristics of some agricultural and wood residues. 

Fuel Heating rate (°C/min) Temperature (°C) 

Dewatering Ignition Peak 1 Peak 2 Others peaks Burnout 

505 
730 

770 880 

440,760 860 

520 600 


600 

820 830 


Cotton stalk 
Wood chips 
Olive cake 
Hazelnut shells 
Tobacco stem 
Straw dust 
Wheat straw 
Peanut shells 
Tamarind shells 


Sun et al. (2010) 
Varol et al. (2010) 
Varol et al. (2010) 
Varol et al. (2010) 
Yang et al. (2012) 
Wang et al. (2009) 
Wang et al. (2009) 
Current study 
Current study 
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kinetic parameters of peanut/tamarind shells for i 


Sample Temperature 

range (°C) 


Peanut shells 200-390 

390-440 
440-600 

Tamarind shells 160-250 

250-330 
330-440 
440-830 


Fitting equation Correlation 

coefficient (r) 


y =-15.40+ 16.85X 0.9972 

y = -0.5433 + 7.877X 0.9971 

y = 8.913 + 3.245x 0.9769 

y = -5.483 + 10.16x 0.9926 

y= -1.759 + 8.545X 0.9944 

y = -2.968 + 9.081X 0.9832 

y = 8.345 + 3.353* 0.9556 


Activation Pre-exponential 

energy factor 

(E (kj/mol)) _ (A (1/min)) 

140 1.64 x 10 12 

65.5 2.71 x 10 5 

27.8 8.74 

84.4 4.89 x 10 7 

71.1 9.92 x 10 5 

75.5 3.53 x 10 6 

32.9 15.9 



3.4.1. Effects of fuel type and properties 

Despite higher thermal and combustion reactivity of PNS re¬ 
vealed by the morphological and thermogravimetric studies, tem¬ 
perature at any point in the bottom region of the combustor fired 
with this biomass turned out to be noticeably lower compared to 
burning of TMS at similar operating conditions. This result was 
likely caused by an elevated carryover of PNS chars from this re¬ 
gion. When entering the combustor at Z= 0.6 m, particles of this 
biomass with thinner cell walls and greater porosity (revealed by 
the morphological study) were devolatilized and destructed almost 
instantaneously forming fine chars, a certain proportion of those 
was carried out into the freeboard contributing to higher heat re¬ 
lease in the cylindrical part of the combustor. On the contrary, 


due to lower thermal reactivity of TMS (as found in the TG/DTG 
analysis), the particles of this biomass with greater thickness of cell 
walls can form chars with greater particle sizes, which, compared 
to PNS, led to their deeper penetration into the fluidized bed and 
therefore greater contribution to heat release in the reactor bot¬ 
tom. However, higher fuel moisture and lower proportion of vola¬ 
tile matter in PNS were only minor factors for the temperature 
difference between the biomasses. 

At first glance, an influence of the fuel type on the axial 0 2 con¬ 
centration profiles was rather weak. However, during the combus¬ 
tion of TMS, the consumption of 0 2 at the reactor bottom was 
noticeably greater than that when burning PNS at similar operating 
conditions, whereas PNS exhibited a higher rate of 0 2 consumption 














































206 


V.l Kuprianov, P. Arromdee/Bioresource Technology 140 (2013) 199-210 




0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Height above the air distributor (m) Height above the air distributor (m) 


Fig. 4. Effects of the fuel feed rate on the axial temperature and O2 concentration profiles in the conical FBC when firing peanut/tamarind shells at excess air of (a) 40% and (b) 
80%. 


in the freeboard. Such behavior of 0 2 was in agreement with the 
previously discussed temperature profiles. 

3.4.2. Effects of operating conditions 

Experimental results in Fig. 4 revealed that with reducing the 
combustor load, temperature at the reactor bottom was somewhat 
lowered at all locations, as the heat release due to the combustion 
diminished more rapidly than the heat transfer (or heat loss) 
across the reactor walls (Basu et al., 2000). In the meantime, a load 
reduction (at fixed EA) led to a greater rate of 0 2 consumption and 
consequently greater fuel burnout in this region (despite the 
reduction in bed temperature), mainly due to the increase in resi¬ 
dence time of the reactants. 

An increase in excess air (at fixed combustor load) resulted in 
some reduction of temperature at all locations inside the rector, 
mainly due to the dilution effect of excessive air. Despite some dif¬ 
ferences in the rate of 0 2 consumption in the combustor bottom 
during the combustion of PNS and TMS, 0 2 diminished in the free¬ 
board to a single value at the combustor top, which was almost 
independent of the fuel type and combustor load but solely af¬ 
fected by a specified amount of excess air, as can be compared in 
Fig. 4a and b. 

3.5. Formation and decomposition of major gaseous pollutants along 
the axial direction 

Fig. 5 shows the axial CO, C x H y and NO concentration profiles for 
the same fuel options and operating conditions, as in Fig. 4. In all 
the test runs, these profiles exhibited two specific regions inside 
the reactor with different net results of pollutants formation/ 
decomposition. 

In the first region, below the level of fuel injection 
(0 < Z < 0.6 m), both CO and C x H y showed a significant increase 
along the axial direction, mainly due to rapid devolatilization of 
fuel particles, accompanied however by oxidation of volatile CO 
and C x H y as well as of chars (Turns, 2006). Basically, oxidation of 
CO to C0 2 occurred through a sequence of chain reactions involv¬ 
ing 0 2 and water vapor (OH radicals), whereas decomposition of 


C x H y proceeded mainly via two groups of intermediate reactions: 
(i) oxidation of C x H y to CO, and afterward (ii) oxidation of CO to 
C0 2 . Char carbon was likely oxidized via four major routes (involv¬ 
ing 0 2 , C0 2 and OH) resulting in formation of CO followed by its 
conversion to C0 2 . In the second region (Z>0.6m), where the 
decomposition reactions were predominant, both CO and C x H y 
showed a diminishing trend along the combustor height, and even¬ 
tually quite low values at the combustor top. 

Like CO and C x H y , the axial NO concentration profiles exhibited 
two specific regions. In the first region (0 < Z< 0.6 m), the rate of 
NO formation from nitrogenous volatile species (mainly, NH 3 ) 
was higher than rate of NO decomposition occurred basically via 
catalytic reaction of NO with CO on a surface of fuel chars ( Werther 
et al., 2000) and also through homogeneous reactions of NO with 
NH 3 and light hydrocarbon radicals (Winter et al„ 1999; Turns, 
2006). In the second region (Z > 0.6 m), the rate of chemical reac¬ 
tions responsible for NO decomposition (such as catalytic reduc¬ 
tion of NO by CO on the surface of char/ash particles as well as 
homogeneous reactions of NO with C x H y remaining in the flue 
gas) was likely higher than formation rate of NO, and this resulted 
in the substantial diminishing of NO along the combustor height. 
The experimental results in Fig. 5 revealed that the rate of NO 
decomposition at 0.6 m < Z < 2 m was substantial, mainly due to 
elevated CO and C x H y in this region, whereas at Z > 2 m, NO exhib¬ 
ited a low-rate decline, since CO and C x H y in this region were 
rather low. 


3.5.1. Effects of fuel type and properties 

The most important effects of fuel type and properties on the 
behavior of CO and C x H y in the reactor were observed at the rated 
combustor load and lower level of excess air. It can be seen in 
Fig. 5a that when firing PNS at FR = 60 kg/h and EA = 40%, the axial 
gradient of CO and C x H y within the first region (0 < Z < 0.6 m) was 
substantially greater than that for burning TMS at similar operat¬ 
ing conditions, which resulted in higher peaks of these pollutants 
in the vicinity of fuel injection. Such a result can be explained by 
a higher degradation (devolatilization) rate of PNS (revealed by 
the TG/DTG analysis) and lower rates of the above-mentioned sec- 
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Height above the air distributor (m) 





Height above the air distributor (m) 



Fig. 5. Effects of the fuel feed rate on the axial CO, C x H y (as CH4) and NO concentratic 
and (b) 80%. 

ondary (oxidation) reactions caused by lower temperatures in this 
region when burning this biomass. However, at all locations in the 
second region (Z > 0.6 m), a substantially higher level of CO for fir¬ 
ing PNS was mainly caused by the (above-addressed) elevated car¬ 
ryover of char particles into the reactor freeboard where char-C 
was oxidized to CO. Higher fuel moisture and hydrogen in PNS 
(see Table 1 ) led to a greater yield of OH radicals during the com¬ 
bustion of PNS and consequently higher rates of CO and C x H y oxi¬ 
dation in this region, compared to burning TMS. 

When firing PNS, due to elevated fuel N in PNS (see Table 1), 
causing a greater yield of nitrogenous volatiles, the NO axial gradi¬ 
ent in the first region and consequently the peak of NO (at Z 0.6 m), 
were substantially higher than those for burning TMS at similar 
operating conditions, despite the higher levels of CO and C x H y 
responsible for the NO reduction. However, during the combustion 
of PNS, a decreased rate of NO in the upper region was substan¬ 
tially higher than that for TMS (particularly, at the rated combustor 
load). This was mainly due to the greater fuel ash in PNS (ensuring 
higher concentration of the catalysts - chars and ash particles - in 
flue gas) as well as higher CO and C x H y at different points in this 
region. 

3.5.2. Effects of operating conditions 

At the reduced combustor load, despite the reduction in bed 
temperature (see Fig. 4), CO and C x H y at different locations inside 
the reactor were lowered for both biomasses, mainly due to the in¬ 



Height above the air distributor (m) 



Height above the air distributor (m) 



Height above the air distributor (m) 


i profiles in the conical FBC when firing peanut/tamarind shells at excess air of (a) 40% 


creased residence time. Switching the combustor to firing both 
fuels at a higher amount of excess air led to a substantial decrease 
of the CO and C x H y peaks (or diminishing of axial CO and C x H y gra¬ 
dients within the first region) at both combustor loads (see Fig. 5b), 
basically due to the enhanced oxidation rate of CO and C x H y . How¬ 
ever, when firing PNS at the reduced combustor load and higher 
excess air (EA = 80%), the peaks of CO and C x H y were lower than 
those for TMS (both accounting for about 1000 ppm), which can 
be explained by the increased effects of higher thermal reactivity 
of PNS caused due to decreased carryover of PNS chars from the 
first region into the freeboard. 

During the combustion of PNS/TMS, NO at any point in the first 
region was found to be increased (resulting in the higher peak of 
NO for each biomass) as the fuel feed rate and/or excess air in¬ 
creased. These effects of operating variables together with the 
above-mentioned influence of fuel N on the behavior of NO in 
the combustor bottom confirmed the occurrence of the fuel-NO 
formation mechanism in this conical FBC (Winter et al., 1999; 
Turns, 2006; Qian et al., 2011), revealing the proportional correla¬ 
tions of NO with excess air, fuel N, and fuel feed rate (via bed tem¬ 
perature). In the upper region, the diminishing gradient of NO was 
proportional with the NO peak (affected by processes in the com¬ 
bustor bottom) and was also affected by the fuel type and proper¬ 
ties. When burning PNS and TMS at EA = 40% (see Fig. 5a), NO at 
the combustor top (Z = 3.1 m) was weakly dependent on the fuel 
type and feed rate. However, when switching the combustor to 
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burning these shells at EA = 80%, NO at this location was appar¬ 
ently higher (despite the air dilution effects), thus exhibiting a sub¬ 
stantial influence of excess air, but rather weak effects of the fuel 
type and combustor load on the net NO formation/decomposition 
in this combustor. 

3.6. Emissions and combustion efficiency of the conical FBC 

Fig. 6 shows the CO, C x H y and NO emissions (all on a dry gas ba¬ 
sis and at 0 2 = 6%) from the conical FBC when firing the shells at 
different fuel feed rates for the specified range of excess air. These 
emission characteristics exhibit, in effect, a net result of pollutant 
formation and decomposition in distinct regions inside the com¬ 
bustor, where these processes were affected by the fuel properties 
and operating conditions. 

At similar operating conditions, the CO and C x H y emissions from 
burning PNS were noticeably lower than those for firing TMS. Such 
a result can be explained by the (previously addressed) higher 
rates of CO and C x H y oxidation in the upper part of the combustor 
when firing PNS (see Fig. 5). Despite that the fuel N in PNS was sig¬ 
nificantly greater than in TMS, the NO emissions of the two bio¬ 
masses showed an insignificant difference, mainly due to the 
above-mentioned higher rate of NO decomposition in the reactor 
freeboard during the combustion of peanut shells. 

ft can be seen in Fig. 6 that the CO, C x H y and NO emissions of 
each biomass fuel exhibited substantial effects of excess air, 
whereas the combustor load had minor effects on the emission 
characteristics, particularly when firing TMS. The CO and C x H y 
emissions can be reduced via increasing EA, while the NO emission 
control requires minimizing the amount of excess air. With reduc¬ 
ing combustor load (at fixed EA), the gaseous emissions were 
somewhat lowered, basically due to the increased residence time. 

Table 6 shows the predicted heat losses and combustion 
efficiency of the conical FBC fired with peanut/tamarind shells at 
actual operating conditions. Parameters required for estimating 
the amount of excess air and predicting the heat losses for each 
test run, such as unburned carbon content in the fly ash and 


concentrations of 0 2 , CO and C x H y (as CH 4 ) at stack, are provided 
in Table 6 as well. 

Because of the relatively small amounts of fuel ash and un¬ 
burned carbon content in the fly ash, the heat loss due to unburned 
carbon of the two biomasses was quite low and had therefore min¬ 
or effects on the heat balance of the conical FBC. Despite the de¬ 
crease in combustion temperature and residence time of chars, 
this heat loss showed the trend to decrease with increasing excess 
air, likely due to the increased oxidation rate of char-C. However, at 
fixed excess air, this index was greater for the reduced load, and 
this was generally caused by the decreased combustion 
temperature. 

From Table 6, the combustion efficiency was mainly influenced 
by the heat loss due to incomplete combustion. According to Eq. 
(8), this heat loss was in a proportional correlation with the CO 
and C x H y emissions, and was therefore strongly affected by excess 
air at fixed combustor load (see Fig. 6). Note that this combustor 
characteristic was weakly dependent on the fuel type and combus¬ 
tor load, especially at elevated values of EA (60-80%) when the CO 
and C x H y emissions of the fuels were reduced to rather low levels, 
leading to high combustion efficiency: 99.7-99.8% for firing PNS, 
and 99.3-99.7% for firing TMS. 

Following the behavior of the heat losses, the combustion effi¬ 
ciency showed a trend to increase with increasing excess air within 
the specified range, whereas the combustion efficiency was almost 
independent of the fuel feed rate (due to the opposite response of 
the two heat losses to load variation). It can be consequently con¬ 
cluded that compared to burning TMS, the higher thermal and 
combustion reactivity of PNS (revealed by the morphological and 
thermogravimetric studies) resulted in an insignificant improve¬ 
ment of the combustion efficiency of this conical FBC, particularly 
when operated at elevated excess air. 

The national emission limits of 740 ppm for CO and 205 ppm for 
NO (on a dry gas basis and at 6% 0 2 ) recommended for industrial 
biomass-fuelled applications by the Pollution Control Department 
of Thailand (PCD, 2013) were taken into account to quantify an 
“optimal" (or “compromise”) value of excess air for firing PNS 



Fig. 6. Comparison of the (a) CO, (b) C x H y (as CH 4 ), and (c) NO emissions of the conical FBC between peanut and tamarind shells fired at the fuel feed rates of 60 and 45 kg/h 
for similar ranges of excess air. 
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Unbumed carbon in the fly ash, concentrations of 0 2 , CO and C x H y (as CH4) at stack, and predicted heat losses and combustion efficiency of the conical FBC when firing the shells 
at variable operating conditions. 


Excess ai 

(%) Airflow rate 3 

Carbon in fly 

0 2 

CO b 

QH„ b 

Heat los; 

s (%) due to: 

Combustion efficiency (%) 



ash (wt.%) 


(ppm) 

(ppm) 

carbon 

:d Incomplete 


Firing 60 
19 

kg/h peanut shells 

0.094 

1.98 

3.5 

1200 

840 

0.23 

1.80 

98 0 

37 

0.108 

1.89 

5.8 

537 

434 

0.22 

0.89 


60 

0.126 

0.91 

7.9 

200 

92 

0.10 

0.23 

99.7 

80 

0.142 

0.86 

9.3 

109 

54 

0.10 

0.13 

99.8 

Firing 45 kg/h peanut shells 

20 0.071 

2.94 

3.7 

874 

720 

0.35 

1.46 

98.2 

41 

0.083 

1.12 

6.2 

352 

305 

0.13 

0.61 

99.3 

59 

0.094 

1.12 

7.8 

100 

80 

0.13 

0.16 

99.7 

82 

0.108 

1.01 

9.5 

59 

44 

0.12 

0.09 

99.8 

Firing 60 1 
19 

kg/h tamarind shells 

0.089 

0.96 

3.8 

1962 

1380 

0.06 

2.82 

97.1 

40 

0.104 

0.89 

6.2 

1091 

750 

0.05 

1.55 

98.4 

60 

0.119 

0.98 

7.9 

610 

240 

0.06 

0.62 

99.3 

81 

0.135 

0.97 

9.5 

291 

60 

0.06 

0.22 

99.7 

Firing 45 1 
20 

kg/h tamarind shells 

0.067 

3.89 

3.8 

1439 

993 

0.24 

2.04 

97.7 

40 

0.078 

2.90 

6.2 

650 

470 

0.18 

0.95 

98.9 

60 

0.089 

2.04 

7.9 

410 

217 

0.12 

0.49 

99.4 

82 

0.102 

2.03 

9.5 

260 

26 

0.12 

0.16 

99.7 


3 Under standard conditions: at 1 atm and 0 °C. 
b On a dry gas basis and at 6% 0 2 . 


and TMS. To reduce environmental impacts of NO x (a more harmful 
pollutant than CO) as well as the potential heat loss with waste gas 
of a boiler that could be integrated with the proposed combustor, it 
is suggested to select excess air at a minimum possible level, meet¬ 
ing however the above-mentioned emission standard for CO. Fol¬ 
lowing this approach, EA = 40% seems to be the best option for 
firing PNS, whereas EA = 60% is more appropriate for burning 
TMS. Under these operating conditions, high (about 99%) combus¬ 
tion efficiency can be achieved, while controlling major (CO and 
NO) emissions at values below the national emission limits and 
maintaining simultaneously C x H y at a reasonable level (substan¬ 
tially below CO). 

Note that during these (-60 h) experimental tests for firing PNS 
and TMS, no evidence of bed agglomeration was found in the con¬ 
ical FBC using alumina as the bed material. As revealed by visual 
inspections, the bed material exhibited normal appearance (grains) 
and ability to fluidize for the entire time period of the combustion 
experiments. 

4. Conclusion 

The conical fluidized-bed combustor can be used for effective 
burning peanut/tamarind shells for wide ranges of fuel feed and 
excess air. Fuel properties and operating conditions have impor¬ 
tant effects on formation/decomposition of major gaseous pollu¬ 
tants, combustion efficiency, and emissions of the combustor. 
Excess air of 40% is the best option for firing peanut shells, whereas 
60% is more appropriate for tamarind shells. High (-99%) combus¬ 
tion efficiency can be achieved, while controlling the emissions at 
acceptable/reasonable levels. By using alumina as the bed material, 
bed agglomeration can be prevented when burning the shells in 
this combustor. 
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